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Abstract 
In construction industry, laminated glass is more and more used for transparent load-
bearing building components. It is known that the residual load-carrying capacity after 
glass breakage of glass/PVB (polyvinyl butyral) laminates is relatively poor, mainly due 
to the limited stiffness and strength of PVB. For that reason, the failure behaviour of 
laminates composed with a stiffer and stronger interlayer material, called SentryGlas® 
Plus (SGP), was investigated experimentally. Consequently, 1100 mm long test samples 
composed of two annealed float glass layers and one SGP interlayer were subjected to 
destructive in-plane four-points bending tests. Subsequently, different stages were 
distinguished during the failure process, corresponding to a different number of broken 
glass layers. In spite of the relatively good interlayer material properties and in 
contradiction to what was expected, the observed post-failure safety was poor. 
However, the failure mechanisms observed were significantly different from those of 
glass/PVB beams: due to a lack of local delamination near the glass fracture zone, tear 
of the SGP interlayer occurred without preceding large visual interlayer elongations. 
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1. Introduction 
Corresponding to a general trend to create a high level of transparency in building 
architecture, the number of load-bearing glass applications has been growing 
significantly during the last decade. For safety reasons, the use of laminated glass, 
defined as a sandwich structure of alternating glass and adhesive interlayers, is 
generally accepted for such applications.  
By far the most used interlayer material is polyvinyl butyral (PVB), a relatively soft, 
viscoelastic polymer available as a thin film. However, alternative materials with 
different properties exist, such as SentryGlas® Plus (SGP), an interlayer originally 
developed to increase the hurricane resistance of window glazing. To allow a 
comparison, Table 1 provides some relevant properties of both materials. Due to its 
relatively high stiffness and strength, SGP is generally believed to be a promising 
interlayer for structural glass applications as well. 
In addition to normal unbroken conditions that are usually considered in design, also the 
post-breakage behaviour in terms of residual strength, stiffness and load-bearing 
capacity is of utmost importance to guarantee an acceptable level of safety, especially 
for structural glass applications. For two-sided supporting conditions, two basic loading 
cases should be distinguished, namely glass loaded as a plate (i.e. perpendicularly to its 
surface) and loaded as a beam (i.e. parallel to its surface), as depicted in Fig. 1. 
 
 
 
 
 3/24 
(a)  
 
 
(c) 
 
(b) 
 
(d) 
 
Fig. 1. Basic loading situations for laminated glass: (a) as a plate; (b) as a beam; and (c-d) corresponding 
longitudinal cross-sections during loading (chamfered edges are neglected in sketches) 
 
For plate applications (Fig. 1 a), amongst others Hooper [1] and Behr et al. [2] have 
shown that the interlayer plays a major role in the mechanical behaviour (bending) of an 
unbroken glass laminate, as it is subjected to significant shear stresses (Fig. 1 c). The 
post-breakage behaviour of laminated glass plates has been investigated by Bennison et 
al. [3], Seshadri et al. [4] and Kott [5]. Varying load cases and supporting conditions 
have been studied, but those works have been restricted to PVB laminates. 
Kott [5] defined three stages, each of which corresponds to a certain level of 
accumulated damage to a laminate consisting of two glass sheets and one PVB 
interlayer. Stage I represents a situation in which no glass breakage occurred: 
compressive (C) and tensile (T) bending stress distributions in the glass depend on the 
shear modulus of the PVB. In the next stage (stage II), one of both glass sheets is 
glass 
glass 
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broken, and tensile bending stresses are taken mainly (or even only) by the remaining 
unbroken glass layer. Subsequently, stage III corresponds to the situation in which both 
glass layers are broken in the same cross-section: compressive stresses can still be 
transferred between the pieces of broken glass, but tensile stresses have to be resisted by 
the interlayer only. Finally, tear of the interlayer leads to a complete collapse of the 
laminate. 
A schematic representation including compressive (C) and tensile (T) stresses is given 
in Fig. 2. 
 
Fig. 2. Three stages in the failure process of a laminated plate composed of two glass sheets and one 
interlayer (in the example shown, the upper sheet broke first, e.g. due to a hard body impact) 
 
Bucak et al. [6] have reported on post-failure tests of glass/SGP laminated plates and 
more recently Kott’s principles have been further developed and applied to annealed 
laminated glass plates with a SGP interlayer at room temperature by Depauw [7], Belis 
et al. [8] and Delincé et al. [9]. 
However, for laminated glass loaded as a beam, little research on post-breakage 
behaviour has been reported on in literature. Noteworthy in this context is the report 
published by Hess [10], who destructively tested a series of full-size laminated 
glass/PVB beams. 
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Consequently, taking into account 1) the growing significance of load-bearing glass 
constructions in contemporary architecture, 2) the high importance of residual capacity 
after glass breakage, and 3) the lack of information about this topic for glass beams in 
general and glass/SGP beams in particular, an experimental investigation is presented 
below on the post-breakage behaviour of laminated glass beams with an SGP interlayer. 
The main objective of this research is to acquire basic insights in the failure 
mechanisms and residual capacity of glass/SGP beams at room temperature. 
 
2. Materials 
Two different kinds of testing materials are presented, the first being SGP samples to 
study the interlayer behaviour and the second laminated glass specimens to investigate 
the overall post-breakage behaviour and failure mechanisms. 
2.1 Interlayer 
Initially, 25 T-bone shaped samples have been extracted from a sheet of SGP†. 
according to EN ISO 527-2 [11], as illustrated in Fig. 3. The nominal thickness of the 
sheet was 1.52 mm and the mean measured thickness was 1.67 mm. 
 
 
Fig. 3. Basic shape and main sizes of SGP samples used for uniaxial tensile tests [mm] (for more details, 
see EN ISO 572-2 [11]) 
                                                 
†
 SGP 2000 was used for the tests. However, at the time of writing a more recent version called SGP 5000 
was released [12]. 
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2.2 Laminates 
In addition, 24 laminated glass pieces with a constant nominal length of 1100 mm have 
been tested, divided in three series according to their nominal height (h) (120 mm, 150 
mm and 200 mm). Each test specimen consisted of two glass sheets with an individual 
nominal thickness (a) of 6 mm, and one SGP 2000 interlayer of 1.52 mm thick (t) 
(nominal value). An overview is provided in Table 2. 
 
3. Experimental methods and results 
The methods and results of the experiments on separate samples of SGP and on the 
laminates described above, are presented below. As for the laminated beams, analogous 
failure stages are used to those proposed by Kott [5] for laminated plates: stage I 
corresponds to an unbroken situation, while stage II and III refer to a situation in which 
respectively one and two glass sheets are broken. 
3.1 Interlayer 
As the interlayer of a broken glass laminate will obviously be subjected to significant 
tensile stresses during the failure process, uniaxial tensile tests have been conducted to 
estimate the basic material response to such type of loading. Even if this type of tests 
will not be sufficient to build a complete rheological material model, it was expected to 
provide valuable stress-strain data which correspond to some extent to the loading 
situation expected during failure of a laminate. 
All tensile tests have been executed on an Instron 3369 universal testing machine under 
controlled temperature (20+/-1° C) and relative humidity (54 % to 65 %) conditions. 
Using a video extensometer, strains are deduced from optical displacement 
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measurements between two reference marks on the samples. Furthermore, loads are 
directly measured by an integrated load cell. 
Taking into account the dependency of the mechanical response of SGP on the load 
duration [6], five different loading speeds have been adopted from EN ISO 527-1 [13]. 
An overview of the loading speeds (s) and mean stress-strain data for yielding (y) and 
ultimate (u) states is presented in Table 3. The corresponding stress-strain curves are 
depicted in Fig. 4. 
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Fig. 4. Stress-strain curves of SGP 2000 samples subjected to uniaxial tensile tests at room temperature 
 
3.2. Beams 
As no standardised testing procedure exists for glass beams, the supporting and loading 
conditions of the test setup used were inspired by a standard four-points bending test for 
glass plates, described in EN 1288-3 [14]. In addition, four lateral supports (provided 
with Mylar contact layers to prevent friction) were added on both sides to prevent 
buckling, as depicted in Fig. 5. 
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Fig. 5. Schematic overview of four-points bending test setup for in-plane bending 
 
The data acquired consisted of the load (F), obtained by a load cell, and the vertical 
displacements (w) of the upper rim at mid span relatively to the supports, obtained by 
linear variable differential transducers (LVDT). The mean results of the ultimate loads 
(Fu) and relative displacements (wu) are presented in Table 4. 
 
4. Discussion 
4.1 Interlayer 
As was illustrated in Fig. 4, the uniaxial tensile tests on SGP samples revealed an elasto-
plastic behaviour which is dependent on the loading speed: higher loading speeds 
correspond to higher yielding stresses and more pronounced elongations during 
yielding. However, the loading speed did not significantly influence the failure strength, 
of which the obtained values correspond well to the material data provided by the 
manufacturer (Table 1). With the exception of the tests performed at the highest loading 
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speed, the average elongation at failure (approximately 350 %) was a bit lower than 
expected (400 %, see Table 1). Initial yielding occurred at stress levels between 21 
N/mm² and 25 N/mm² and corresponded to clearly visible necking of the sample’s 
cross-section, which was further extended along the length of the sample as the strain 
increased (this corresponds to the horizontal parts of the curves in Fig. 4). 
 
4.2. Stage I 
Stage I corresponds to the unbroken state. The specimens with a height of 120 mm and 
150 mm were loaded in the test setup described above. As depicted in Fig. 6, the 
measured deflections increased almost linearly with increasing load (F) until brittle 
fracture occurred in one of the glass sheets.  
 
Fig. 6. Typical load (F) - deflection (w) curve in stage I (sample 120_2) 
 
Subsequently, fracture of one glass sheet, depicted in (Fig. 7 (b)), was for most cases 
immediately followed by fracture of the other in the same section, as illustrated in (Fig. 
7 (c)). This could be easily understood: as soon as the first fracture appeared, the load 
was transferred to the remaining sheet, which consequently became overloaded and 
broke. Due to this chain reaction, stage I was immediately followed by stage III. 
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However, glass fracture did not always appear in the zone of maximal bending 
moments, but in the area where high stress concentration factors occurred because 
tensile stresses coincided with randomly distributed surface flaws. These flaws are well 
known for glass, and were mainly the result of mechanical edge treatments (polishing in 
this case). Consequently, for this stage the glass tensile strength was the determining 
factor, depending on manufacturing process and loading history. 
 
(a) (b) (c) 
   
Fig. 7. Example of fracture sequence (sample 150_5): (a) Unbroken state; (b) Fracture of first glass sheet; 
(c) Immediate fracture of the second glass sheet (chain reaction) 
 
In the design is generally assumed that the loads are carried by the glass sheets and the 
interlayer material could be neglected. The test results confirmed that this is an 
acceptable assumption.  
However, the measured deflection was larger than the calculated value due to different 
reasons. One possible reason may be unequal load transfer to both glass sheets, caused 
by laminating tolerances, which allow a limited difference in height of both sheets, as 
illustrated in Fig. 8. 
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Fig. 8. Principle of unequal load transfer to both glass sheets due to laminating tolerances: (a) unloaded 
situation; (b) intermediate situation with load transfer through interlayer; (c) final situation  
 
4.3 Stage II 
Stage II applies when only one of the glass sheets is broken. In general, due to the chain 
reaction, this stage is absent when an unbroken beam is loaded. However, stage II is 
more likely to happen due to different causes, such as a hard body impact. 
Consequently, this stage is also important for the residual strength and structural safety 
of the beam. To investigate this stage, a single crack at mid span was made in one glass 
sheet of each of the 200 mm high beams prior to the tests. 
Again, a linear load-deflection relationship was observed until brittle fracture occured. 
Crack initiations did always occur in the centre of the beam span, corresponding to the 
location where the initial single crack in the other glass sheet had been made: the initial 
weakening of the specimens seemed to be significant enough to determine the position 
of fracture.  
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The corresponding failure stress level in this stage was approximately 60% of that 
expected in stage I. In other words, the failure stress level was approximately 20% 
higher than the expected stress level for one glass sheet. Consequently, the SGP 
interlayer seemed to be able to transfer (at least partially) the compressive stresses that 
appeared between both pieces of the originally broken glas sheet, increasing the residual 
resistance of the damaged laminate. Again, the measured deflections were slightly 
underestimated by elastic theory. 
 
4.4 Stage III 
Stage III, studied for all test specimens, is very complex and ambiguous due to the large 
variety of crack origins, crack patterns and local delamination effects. After breakage of 
the second glass sheet the load decreased to a relatively low level (typically between 2 
kN and 3 kN) before the broken glass pieces made contact and started to build up 
compressive stresses again. Subsequently, the load slightly increased again and after 
reaching a (sometimes barely noticeable) maximum, it decreased significantly (to less 
then 0.3 kN).  
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Fig. 9. Typical load (F) - deflection (w) curve in stage III (sample 150_4) 
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Finally, an A-shaped gap appeared at the bottom where the SGP was fissured and large 
deflections were measured, as illustrated in Fig. 10. This was the case for the specimens 
with a height of 150 mm and 200 mm. However, when testing the 120 mm high beams, 
the opening immediately appeared after breakage of the second sheet. Again, low load 
levels caused large deflections. As deformations increased, all beams finally failed due 
to tearing of the entire foil. As a result of the high adhesion of SGP to glass, local 
delamination around the crack origin was limited (Fig. 11) and the interlayer endured a 
large local deformation leading to fissuring. Consequently, the residual strength was 
lower than expected.  
 
Fig. 10. Example of fissured SGP (specimen 150_5)  
 
 14/24 
 
Fig. 11. Example of teared SGP and typically limited local delamination at crack origin 
 
4.5 Comparison between glass/SGP and glass/PVB beams 
4.5.1 Role of the interlayer 
The glass breakage chain reaction observed here for glass/SGP beams is very similar to 
what has been observed by other authors studying glass/PVB beams [10]. Consequently, 
the failure load depends mainly on the beam edges failure strength and not on the 
interlayer used. However, this situation would change if lateral buckling were possible, 
because that would involve bending along the weak axis and consequent shear 
deformations of the interlayer [15] [16], illustrated in Fig. 1 c).  
For example, Belis [16] observed that the average buckling load at room temperature of 
laminates with SGP is significantly larger than for those with PVB.  
However, when subjected to in-plane bending (buckling prevented), the post-breakage 
residual resistance is relatively poor for both interlayers, as demonstrated above. 
4.5.2 Failure mechanisms 
On the other hand, the failure mechanisms ruling stage III differ greatly for beams with 
PVB and SGP interlayers.  
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In contradiction to what was observed above for glass/SGP beams, glass/PVB beams 
showed a significant local delamination in the tensile zone near the crack origin, as 
depicted in Fig. 12. Consequently, PVB interlayers could develop large stretching 
zones, followed by large system deformations. Finally, this turned the static system into 
a mechanism, causing its collapse. 
  
 
Fig. 12. Example of stretched PVB and typically large local delamination at crack origin [16]  
 
As demonstrated above, this is contrasting to SGP failure mechanisms, in which very 
little local delamination, frequent rupture of the interlayer and collapse due to loss of 
structural integrity were observed. 
 
5. Summary and conclusions 
Different series of uniaxial tensile tests on SGP samples and in-plane four-points 
bending tests on annealed glass/SGP beams have been executed to evaluate their failure 
mechanisms and post-breakage mechanical behaviour at room temperature. The main 
results of this investigation are summarised below: 
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1. Uniaxial tensile tests on small SGP samples revealed an elastic-plastic material 
behaviour with large elongations at failure (typically 350%) and failure strengths 
above 32 N/mm². 
2. The obtained load-deflection curves in stage I (the unbroken state) were almost 
linear, as was expected. In most tests, breakage of one glass sheet was immediately 
followed by breakage of the other and both crack initiations were located at the 
same position. Consequently, stage II (one glass sheet broken) did not appear and 
stage I was immediately followed by stage III (both glass sheets broken). 
3. Stage II was investigated on glass/SGP beams of which one glass sheet was broken 
by a single crack at mid span prior to testing. The observed failure load of a partially 
broken laminate with one intact glass sheet was typically about 20% higher than 
what would be expected for the unbroken glass sheet only, pointing out the 
importance of the residual resistance of the originally broken glass panel. This could 
be explained by the compressive stresses between the originally broken glass pieces, 
which could develop only due to the good shear stress transfer of the SGP. 
4. In stage III, studied for all test specimens, the residual load-bearing capacity was 
very limited and far below the initial glass strength..  
5. Surprisingly, complete collapse of the laminated beams was always caused by 
tearing of the SGP at relatively low loading levels. This had not been expected, 
because the uniaxial tensile tests had shown a relatively high interlayer strength and 
large elongations at failure. However, the poor resistance could be explained by the 
very good adhesion of SGP to glass, which prevented local delaminations that 
would be necessary to develop larger deformations and to keep tensile stresses in the 
interlayer below the ultimate SGP tensile strength.  
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6. Consequently, it is recommended to take into account the delamination behaviour 
when evaluating interlayers with respect to (post-)failure mechanisms. To do so, 
alternative testing methods, such as Through-Crack-Tensile tests, should be used 
rather than traditional uniaxial tensile tests. 
7. Compared to PVB, the use of a “stiff” interlayer such as SGP seemed not to 
improve the in-plane bending resistance of laminated glass beams, as that is only 
depending on the glass strength. In addition, the post-failure safety in the examined 
cases is rather negligible for both interlayer types. However, failure mechanisms are 
different for both materials: contrary to the examined SGP beams, glass/PVB beams 
do show important local delaminations and consequent large interlayer stretching. 
Consequently, hinges will appear very quickly and the static system will become a 
mechanism. Therefore, it is recommended to use proper boundary conditions 
(structural sealants, mechanical fixings…) or additional safety concepts 
(reinforcement, …) to improve the overall post-failure behaviour of the whole 
system. 
8. Finally, it should be emphasised that the residual load-bearing capacity of glass/SGP 
laminated beams might be significantly better in case heat-strengthened or fully 
tempered glass is used. The main reason for this is the much denser crack pattern, 
which will allow the interlayer to deform at many different locations at the same 
time, keeping local stresses below the failure level. In addition, it should be clear 
that also a different serviceability temperature will influence the properties of SGP 
and consequently, also those of laminated beams composed with it. 
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Figure Captions 
Fig. 1. Basic loading situations for laminated glass: (a) as a plate; (b) as a beam; and (c-
d) corresponding longitudinal cross-sections during loading 
Fig. 2. Three stages in the failure process of a laminated plate composed of two glass 
sheets and one interlayer (in the example shown, the upper sheet broke first, e.g. due to 
a hard body impact) 
Fig. 3. Basic shape and main sizes of SGP samples used for uniaxial tensile tests [mm] 
(for more details, see EN ISO 572-2 [11]) 
Fig. 4. Stress-strain curves of SGP 2000 samples subjected to uniaxial tensile tests at 
room temperature 
Fig. 5. Schematic overview of four-points bending test setup for in-plane bending 
Fig. 7. Example of fracture sequence (sample 150_5 
Fig. 8. Principle of unequal load transfer to both glass sheets due to laminating 
tolerances: (a) unloaded situation; (b) intermediate situation with load transfer through 
interlayer; (c) final situation 
Fig. 10. Example of fissured SGP (specimen 150_5) 
Fig. 11. Example of teared SGP and typically limited local delamination at crack origin 
Fig. 12. Example of stretched PVB and typically large local delamination at crack origin 
[16]
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Tables 
Table 1 
Material properties of PVB [5] and SGP [18] 
Interlayer 
material 
Shear 
modulus 
[N/mm²] 
Poisson’s 
ratio 
[-] 
Tensile 
strength 
[N/mm²] 
Elongation at 
failure 
[%] 
Coefficient of 
thermal 
expansion  
[K-1] 
Density  
[kg/m³] 
PVB* 0-70 ≈ 0.5 ≥23 ≥280 2.2·10-4 1000-1070 
SGP 100 ≈ 0.5 34.5 400 10-15·10-3 950 
*
 PVB values may change according to manufacturer. 
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Table 2 
Overview of test samples 
Name  Mean height 
[mm] 
Glass 
thickness a 
(front plate) 
[mm] 
Glass 
thickness a 
(back plate) 
[mm] 
Mean 
interlayer 
thickness t 
[mm] 
Failure stages 
studied 
[-] 
120_1 120.78 5.95 5.97 1.71 I and III 
120_2 120.79 5.97 5.94 1.70  
120_3 120.32 5.96 5.95 1.64  
120_4 120.29 5.95 5.97 1.61  
120_5 120.27 5.94 5.82 1.72  
120_6 120.30 5.96 5.8 1.76  
120_7 119.45 5.96 5.94 1.72  
120_8 119.30 5.95 5.94 1.74  
150_1 149.94 5.95 5.95 1.72 I and III 
150_2 149.97 5.93 5.95 1.75  
150_3 150.01 5.95 5.94 1.71  
150_4 150.02 5.94 5.96 1.73  
150_5 150.26 5.85 5.84 1.75  
150_6 150.21 5.89 5.9 1.64  
150_7 150.04 5.90 5.90 1.66  
150_8 149.91 5.84 5.82 1.78  
200_1 199.79 5.97 5.98 1.66 II and III 
200_2 199.76 5.95 5.96 1.71  
200_3 199.84 5.96 5.95 1.70  
200_4 199.74 5.95 5.95 1.68  
200_5 200.47 5.98 5.97 1.69  
200_6 200.55 5.98 5.97 1.69  
200_7 199.81 5.95 5.94 1.77  
200_8 199.88 5.96 5.94 1.76  
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Table 3 
Overview of mean uniaxial tensile test results on standardised SGP 2000 samples at room temperature 
Loading 
speed s 
[mm/min] 
Number of 
specimens 
tested [-] 
fy* / standard 
deviation 
[N/mm²] 
εy / standard 
deviation 
[%] 
σu
*
 / standard 
deviation 
[N/mm²] 
εu / standard 
deviation 
[%] 
5 5 20.97 / 0.17 7.37 / 0.18 33.19 / 1.21 339.43 / 10.61 
10 5 21.86 / 0.33 8.32 / 0.13 34.32 / 1.04 340.53 / 5.08 
20 5 22.40 / 0.13 8.48 / 0.17 32.44 / 1.38 331.25 / 10.97 
50 5 23.79 / 0.17 8.59 / 0.13 33.10 / 0.98 342.33 / 3.26 
100 5 25.09 / 0.17 8.65 / 0.36 35.71 / 0.83 386.56 /6.38 
* Stresses given are nominal stress values (load divided by initial cross-section) 
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Table 4 
Overview of mean values of in-plane four-points bending test results on glass/SGP laminates at room 
temperature 
Specimen 
height 
[mm] 
Mean 
loading 
speed s 
[mm/min] 
Number of 
successful 
tests  
[-] 
Fu,I / 
standard 
deviation 
[N] 
Fu,II / 
standard 
deviation 
[N] 
wu,I / 
standard 
deviation 
[mm] 
wu,II / 
standard 
deviation 
[mm] 
120 0.1 7 5467 / 298 - 1.226 / 
0.080 
- 
150 0.4 7 11370 / 
2194 
- 1.447 / 
0.299 
- 
200 0.1 6 - 12148 
/1585 
- 1.298 / 
0.149 
 
